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Abstract 
Fatigue endurance testing of nuclear plant materials is typically carried out using uniaxial specimens tested under 
strain control using a triangular waveform and a defined strain rate.  This leads to long test durations and high 
testing costs when testing in the High Cycle Fatigue (HCF) regime, meaning few results for fatigue lives above 106 
cycles are available.  A novel test method is proposed here, in which the traditional strain-controlled test method is 
used until 105 cycles have elapsed, before testing is switched to load control at a higher frequency.  Testing of a 
Type 304LN austenitic stainless steel in room temperature air was performed at an R ratio of -1, strain rate of 0.4%/s 
and strain amplitude of 0.18%.  The results show no statistically significant difference between the HCF lives gained 
from the traditional and new test methods. The proposed new fatigue endurance test method is considered to be 
validated for use in the testing of nuclear grades of unstabilised austenitic stainless steel in air at room temperature.   
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1. Introduction 
In nuclear plant applications, High Cycle Fatigue (HCF) is taken to mean cyclic loading conditions under which  
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fatigue lives are greater than around 104 cycles.  Fatigue endurance testing of nuclear plant materials is typically 
carried out under strain control using a triangular waveform and a defined strain rate instead of a defined cyclic 
frequency. 
This approach to fatigue means that, when testing under HCF conditions, test durations are long and therefore 
testing is expensive.  Consequently, relatively few HCF test results, particularly for lives of 106 cycles and above, 
are available for inclusion in databases.  For example, the database of austenitic stainless steel test results compiled 
by Argonne National Laboratory (ANL) and analysed in NUREG/CR-6909 [1], and which was used as the basis for 
update to the design fatigue curve in Section III of the ASME Boiler and Pressure Vessel Code [2], contains far 
fewer results for HCF conditions that for Low Cycle Fatigue (LCF) conditions, and a large proportion of the HCF 
results for lives greater than 106 cycles are run-outs (test is considered finished prior to specimen failure). For 
nuclear plant materials, a single data fit is typically produced for all test results throughout the range of strain 
amplitudes relevant to plant operation, and the overall shape of a best-fit curve may be highly sensitive to results at 
the extremes of this range, including HCF results.  
In an attempt to address these difficulties, a test programme has been undertaken to investigate the use of an 
alternative test method in which traditional strain-controlled testing (with a constant strain rate) is used until 105 
cycles have elapsed, and then testing is switched to load control at a higher frequency.  The load amplitude is 
matched to that recorded during the final cycles under the strain-controlled portion of the test.  Cycling under load 
control is continued until specimen failure. This method of testing for long-life conditions (HCF) is permitted within 
the ASTM E606 standard for strain-controlled fatigue testing [3].    
Similar fatigue endurance test methods are known to have been used in the past for aerospace and automotive 
materials [e.g. 4, 5], but no direct comparisons of the results from testing under strain control (throughout a test) and 
with a switch from strain control to load control have been found in the literature.  The use of this testing approach 
for nuclear plant materials is considered to be novel.  
 
2. Experimental method 
Testing was carried out in room temperature air (22oC ± 2oC) at constant humidity (50% ± 10%) using a single 
cast of Type 304LN austenitic stainless steel which was forged to produce a pressure vessel nozzle and then solution 
heat treated. The alloy composition is given in Table 1 and the alloy is estimated to contain around 2% delta ferrite 
based on this composition.  Uniaxial fatigue endurance testing was completed at a constant strain amplitude of 
0.18%, an R ratio of -1 (with respect to strain) and a triangular waveform.  The strain amplitude of 0.18% was 
chosen based on the results of previous tests which indicated this amplitude was towards the fatigue limit (well into 
the HCF regime) and was expected to give lives in the range 5×105 to 106 cycles.   Thirteen uniaxial fatigue 
specimens (Fig. 1) with an arithmetic average surface roughness (Ra) of less than 0.2 µm were tested. Testing was 
performed using one of the following four different methods, at Amec Foster Wheeler’s Birchwood Park (UK) 
laboratories on behalf of Rolls-Royce. 
 
x Strain-controlled fatigue testing on a servo-electric test machine at a strain rate of 0.4%/s and strain 
amplitude of 0.18%, which equates to a frequency of 0.556 Hz.  This was the extant test method used in 
previous testing of the same cast of material. 
x Strain-controlled fatigue testing on a servo-hydraulic test machine at a strain rate of 0.4%/s and strain 
amplitude of 0.18%, which equates to a frequency of 0.556 Hz. 
x Strain-controlled fatigue testing on a servo-hydraulic test machine at a strain rate of 0.4%/s and strain 
amplitude of 0.18%, which equates to a frequency of 0.556 Hz, switching to load control at 5 Hz once 105 
cycles had been reached. 
x Strain-controlled fatigue testing on a servo-hydraulic test machine at a strain rate of 0.4%/s and strain 
amplitude of 0.18%, which equates to a frequency of 0.556 Hz, switching to load control at 10 Hz once 105 
cycles had been reached. 
 
All testing machines are capable of applying tension-compression fatigue testing with no drive backlash at zero 
load, and a Class 10 alignment was achieved in all cases using the BS ISO 23788:2012 standard [6].  Class 10 refers 
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to a measurement of less than 100 microstrain lateral bending in the specimen when an axial strain of 1000 
microstrain is applied. The applied axial strain was measured and controlled on the specimen gauge length during 
strain-controlled testing using side loaded MTS extensometers, spring loaded onto the gauge length surface.  Upon 
switching from strain control to load control, the minimum and maximum loads were matched with those recorded 
during the final cycles under the strain-controlled portion of the test.   A run-out was determined if a failure had not 
occurred by 1.2 x 106 cycles and the test was stopped.  Failure was determined by either complete separation of the 
specimen when testing on servo-hydraulic testing machines or by 50% load drop† on servo-electric testing machines.  
 
Table 1. The composition of Type 304LN test material from product analysis (wt %). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Uniaxial fatigue test specimen geometry. 
3. Results and discussion 
Fig. 2 shows the number of cycles to failure (Nf) for each specimen tested at a strain amplitude of 0.18% for each 
different test method. This allows a direct comparison of the fatigue lives between the four different test methods. 
There is a small discrepancy with the number of tests for each testing method, with between 2 and 4 results available 
per method (3 results for servo-electric no switch; 4 results for servo-hydraulic no switch; 4 results for servo-
hydraulic with a switch to 5 Hz; 2 results for servo-hydraulic with a switch to 10 Hz).  
The large amount of scatter shown in the test results in Fig. 2 is expected at this low strain amplitude (0.18%) as 
the total fatigue life is dominated by crack initiation behaviour, rather than crack growth behaviour that dominates at 
the higher strain amplitudes (LCF). Fatigue initiation life inherently has more variation as it is dependent on a larger 
number of factors – such as grain size, inclusions and defects – than crack growth behaviour.  
A statistical analysis was performed, using Minitab® 15 statistical analysis software, to elucidate whether any 
statistically significant differences exist between results from the different testing methods. 
In order to test for significant differences between the test methods each data set was investigated for 
homogeneity of variance and normality. Normality was tested using both cumulative frequency plots and the 
Anderson-Darling normality test.  It was found that two of the four data sets were not normally distributed.  A log 
transformation of the cycles to failure data was required in order to satisfy this assumption and the following 
analysis was performed on log normal data.  It is a requirement to treat all four populations in the same way when 
performing statistical analysis and therefore reasonable to perform the log normal transformation on all four 
 
 
† 50% load drop is defined as a drop of 50% in the maximum load achieved during each strain-controlled cycle, measured against the steady-state 
maximum load which occurs following the initial cyclic hardening and softening behaviour of this material type (as can be seen in Fig. 3). 
C Si Mn P S Cr Mo Ni Cu B Co N Ti Ta Nb 
0.014 0.34 1.32 0.021 0.011 19.13 0.25 9.96 0.11 0.0006 0.035 0.12 0.002 0.001 0.006 
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populations.       
Homogeneity of variance was investigated using both using both Bartlett’s and Levene’s test and both recorded 
probability values larger than 0.05 indicating that the variance in all populations could be considered equal. For 
Barlett’s test p = 0.409; for Levene’s test p = 0.547.  
The statistical test performed was the analysis of variance (ANOVA) with a Tukey and Bonferroni post-test 
analysis.  This indicated that none of the testing methods produced fatigue lives that were significantly different 
from each other (Table 2), where a significant difference would be indicated by a probability (p) of less than 0.05. 
Therefore these testing methods can be used interchangeably.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Comparison of the fatigue lives of specimens tested under the different tests methods, plotted with the ASME 2010 air design curve and 
NUREG/CR-6909 data mean curve for austenitic stainless steels. The arrow indicates a run-out. 
Table 2. P-value for each test method calculated using a Tukey analysis of the general linear model of the analysis of variance (ANOVA). Any 
value above 0.05 indicates no significant difference. 
Servo-electric Servo -hydraulic Switch to 10 Hz Switch to 5 Hz 
Servo-electric - 0.9789 0.3989 0.9988 
Servo-hydraulic 0.9789 - 0.2284 0.9363 
Switch to 10 Hz 0.3989 0.2284 - 0.4180 
Switch to 5 Hz 0.9988 0.9363 0.4180 - 
 
Table 2 also indicates that, while there are no statistically significant differences between any of the test 
methods, the probability that there is a difference between the test methods is greatest when comparing any method 
to that in which a switch to a load controlled frequency of 10 Hz was used.  This is shown by lower P values, which 
indicate a higher probability that the populations of the two test method being compared are different.  This can also 
be seen from Figure 2, where the two test results for the 10 Hz tests (▲) lie at the lower end of the overall 
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population of test results.  A larger number of 10 Hz tests were planned, but were not completed due to arising 
problems during testing; the problems were not associated with the condition selected for testing.   
It should be noted that these statistical analyses, whilst valid, are being performed on very small sample sizes 
and should therefore be used with a degree of caution.  In this case a judgment has been made that, despite the small 
sample sizes, the analysis is sufficiently compelling to support use of the test methods interchangeably.  
The cyclic frequency achievable during the load controlled portion of a test is limited by the heating of the test 
specimen that can occur at higher frequencies. However, significantly increased frequencies can still be achieved 
compared to strain-controlled testing (0.556 Hz vs. 10 Hz).  The switch-over point at 105 cycles appears to be 
appropriate since the peak stress is always stable by this point, with no further significant cyclic softening or 
hardening occurring later in the test (Fig. 3).  The strain-controlled tests do not show any deviation in stress after this 
point until a crack begins to propagate causing the stress to begin to drop off (after around 25,000 cycles for the test 
shown in Fig. 3).  In tests with a switch to load control, no peak stress data for each cycle was collected after the 
switch, but the maximum and minimum loads in each cycle were maintained at constant levels (i.e. the values 
measured at the end of the initial 105 cycles) until failure.  
 
 
Fig. 3. Peak stress for each cycle of tests using the strain-controlled servo-electric test method and the servo-hydraulic with switch to load control 
after 105 cycles. 
Further evidence for the validity of using the test methods interchangeably in air is provided by an analysis of the 
specimens’ fracture surfaces using low magnification optical microscopy. This illustrates that the general 
appearances of the fracture surfaces are similar for tests with and without the switch to load controlled higher 
frequency cycling (Figure 4). 
Figure 4a appears to show a slightly different fracture surface to the others specimens, with a sloped region in 
the lower half of the fracture surface. This is a region of tensile failure as, in the strain-controlled testing performed 
using a servo-electric test rig, a failure criterion of 50% load drop was used and the test was then stopped to avoid 
mechanical damage to the fracture surface during the final cycles before specimen separation. In order to allow 
examination of the fracture surfaces, the sample was then pulled apart by cycling at high load and high R ratio, 
which essentially leads to tensile overload; it is this which is seen in the highlighted region in the lower half of 
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Figure 4a.  It was not possible to use a similar method with the servo-hydraulic testing rigs due to limitations of the 
machine control software and therefore these specimens were cycled until complete separation.  
 
 
 
 
 
 
Fig. 4. Low magnification optical microscopy images of typical fracture surfaces of fatigue specimens tested under the following methods; a) 
servo-electric strain-controlled, b) servo-hydraulic strain-controlled and c) servo-hydraulic strain-controlled then load controlled at 5 Hz.  Arrows 
indicate initiation points. 
The images also suggest that the general appearance of the fracture surfaces is similar to that expected for low 
strain amplitude (i.e. high fatigue life) testing of this material type, based on examination of specimens from 
previous testing by Amec Foster Wheeler for Rolls-Royce. All cracks nucleated at the specimen surface which is 
expected for this material type. Under HCF conditions, specimen failure tends to be caused by a single crack that 
a) 
b) 
c) 
Tensile 
overload
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has nucleated at the specimen surface and then grown through the specimen thickness.  The images also show the 
possible presence of fractographic features close to the crack nucleation site, such as a “flat” region around the crack 
nucleation site that is visible on some specimens. 
This fatigue test method cannot be directly applied to testing in Light Water Reactor (LWR) coolant 
environments without further work as all current results validating the method are from testing in air. Additional 
testing in relevant environments, possibly combined with a fuller understanding of the mechanisms of fatigue 
initiation and crack growth in LWR environments, would be required to justify whether the use of this more time-
effective test method could be used in these environments.  There is also no evidence from the available results to 
support use of this test method for other classes of material or for testing in air at other temperatures.  However, use 
of similar fatigue test methods in other industries suggests wider applicability and so it is considered likely that use 
for a wider range of test variables could be validated with a small amount of additional testing. 
4. Conclusions 
It is concluded that the fatigue endurance test method, using a switch to load control part way through the test in 
order to reduce test durations and cost, is considered to be validated for use in the testing of nuclear grades of 
unstabilised austenitic stainless steel in air at room temperature when using uniaxial specimens.  Testing using this 
approach is permitted within the ASTM E606 standard for strain-controlled fatigue testing.  
With further testing, it is expected that a similar testing approach could validate this method for other material 
classes, temperatures and environments.  
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